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INTRODUCTION

The LLNL Multiscale Material Modeling Project is involved in predicting the quasi-static
deformation of polycrystals using a length-scale bridging approach. This approach is based on
simulations at and feedback between the atomistic, micro, meso, and continuum length scales.
Conventional continuum models exhibit deficiencies in the mesoscale region, and must be
modified to accurately model plastic deformation at this size scale. Different approaches
designed to modify the continuum theory, known as strain gradient plasticity theories, have been
developed recently and need to be explored experimentally.

Continuum models fail in the mesoscale region by not capturing the ‘size effect’. This effect is
seen experimentally as an increase in flow stress during deformation when strain gradients are
large. This commonly occurs at small size scales or when inhomogeneties are present. For
example, Fleck et.al.1 showed that when loaded in torsion, a wire displays greater strength for
smaller radii. This type of effect has been observed in other systems; including bending2,
indentation hardness3, and particle-hardened alloys4. Because strain gradients are large under
these conditions, they must be accounted for in a non-local theory to accurately reflect material
response. The present authors are currently evaluating two distinct classes of non-local models.
A key difference between the two models considered here is the nature of the assumed boundary
conditions at material interfaces under simple shear. Fleck, Hutchinson, and Shu (FHS) 5,6 have
developed one approach that considers strain gradients as internal degrees of freedom, which
require higher order stresses and an additional boundary condition. Acharya and Bassani7 have
developed an alternative approach in which a strain gradient term is included in the hardening
function. This method does not introduce higher order stresses or additional boundary conditions.
Although this approach is simpler overall, the higher order (FHS) theory may be more predictive,
because the additional boundary condition in this theory allows for the presence of a boundary
layer. Specifically, Fleck and Hutchinson6 determined theoretically that near an interface
between dissimilar materials loaded under remote simple shear, a region of extra lattice rotation
(called a boundary layer) should be present. Since boundary layers are not allowed in Acharya
and Bassani’s approach, detecting the presence of these layers at interfaces will supply critical
information in the continued development of strain gradient plasticity theories. The presence of a
boundary layer, however, has not yet been definitively determined. Although previous
experimental work on metal-metal bicrystals by Sun et.al9 suggests the presence of a boundary
layer, the data are difficult to interpret due to the movement of the grain boundary. Therefore,
microdiffraction experiments performed at metal-ceramic interfaces are proposed to determine
lattice rotation information, which will help determine the validity of these two strain gradient
plasticity theories without the complication of grain boundary movement.

EXPERIMENTAL PROCEDURE

The deformation behavior near an interface is being investigated with samples composed of 50
µm thick aluminum foils sandwiched between sapphire rods that are deformed using asymmetric



four-point bending to produce a uniform shear stress state. In order to detect the presence of a
boundary layer in the aluminum near the sapphire after shearing, the lattice rotations need to be
measured from the center of the aluminum layer to an interface in one-micron steps. We are
using Laue microdiffraction at the Advance Light Source10 for this investigation. Recent
experiments performed at the ALS have generated usable Laue patterns that have been indexed
using software available at the beamline. Two separate samples were scanned; one in the as
bonded condition with no deformation, the other after being sheared with 20% deformation. By
using a laboratory reference orientation, the diffraction patterns from these two samples can be
used to generate a map of the projected in-plane orientations of the grains.

RESULTS

The orientation map for each of the samples is shown below.  The scale on the side is degrees of
lattice rotation with respect to the laboratory reference orientation.

FIG 1: 0% deformation orientation map

The orientation map for the unstrained sample shown above shows the presence of two
aluminum grains (middle and right blocks) in between two sapphire sections (on left).  The total
section is 60 µm across and 10 µm high. The orientation map below shows a sample with 20%
shear deformation. The total section is 80 µm across and 10 µm high. Two different
interpretations of this map are possible. Initially, it appeared that there were three grains of
aluminum (blue, yellow, green) present between two sapphire sections (green sections on the
edges), as well as a boundary layer (orange stripe on left hand side) of extra lattice rotation at
only one interface. Having a boundary layer at one interface, but not the other, is difficult to
explain theoretically. Neither of the solid mechanics theories we are considering predicts this
behavior, nor does the extensive, well-established work on boundary layer theory in fluid
mechanics. Additionally, however, it is possible that the small section scanned (80 µm by 10
µm) contained only one grain prior to deformation, and that all the features seen are from
dislocation cell formation during the mechanical test (i.e.: no boundary layer formation). This
seems likely, since the total (not projected) angles between what appear to be three different
grains and a boundary layer are small (<10°).

FIG 2: 20% deformation orientation map



To sort out the exact interpretation of this result, it is critical to obtain an orientation map of
deformed samples prior to undergoing shear deformation. Specifically, this can be done by first
scanning the sample with the X-ray beam, shearing it, and then scanning the same area again to
see how the grains evolve. In this way, we obtain a ‘before’ and ‘after’ snapshot of the grain
morphology and structure, making a definitive interpretation possible as to what is a grain,
dislocation cell, recrystallized grain, or boundary layer in the final orientation map. These scans
have been performed and are currently being analyzed. Confirming or refuting the presence of
this boundary layer is the primary result of the experimental program. If the boundary layer is
present, its characterization will be critical in providing parameters for the FHS model.
Continued improvement of the model will be facilitated by further experimental results generated
by continued investigations. The cyclic feedback of information between the experiments and the
modeling has proven to be successful in other parts of the Multiscale Material Modeling Project.
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